Abstract -Femtosecond pump-probe measurements of reflection from crystallographic planes are performed to investigate lattice relaxation dynamics in the NdBa 2 Cu 3 O 7 -x high-temperature superconductor. Ultrafast phonon response is examined over a wide temperature range for various orientations of the pump and probe polarization vectors with respect to particular crystallographic axes. The initial phases of coherent phonons are measured, and hysteretic behavior is revealed in the transition between two temperature regions above T c for the ac plane. 
INTRODUCTION
The use of femtosecond laser pulses has opened up new vistas for real-time examination of lattice dynamics [1] . There is currently active interest in pump-probe measurements of lattice relaxation in high-temperature superconductors [2] [3] [4] [5] [6] [7] [8] . Time-domain studies of processes responsible for relaxation to equilibrium are frequently conducted to elucidate details of lattice dynamics that cannot be inferred from frequency-domain data.
Recently, pump-probe reflection spectroscopy of coherent phonons and carrier transport in YBa 2 Cu 3 O 7 -x has revealed crossovers characterized by dramatic change in the relaxation dynamics of the carriers and lattice in the pseudogap state [7, 8] . The crossovers exhibit hysteretic behavior with respect to temperature variation, thus indicating the inhomogeneity of the pseudogap state. This feature had been predicted theoretically [9] [10] [11] , but lacked experimental support [12] . The experiments were conducted on films, which made it impossible to measure the anisotropy of optical response.
In this paper, we report the results of a femtosecond pump-probe experiment on bulk NdBa 2 Cu 3 O 7 -x single crystals, which are isomorphous to YBa 2 Cu 3 O 7 -x . The study was conducted to obtain detailed information on lattice relaxation dynamics over a temperature range including both superconducting and pseudogap states. Dynamical optical responses from two crystallographic planes are compared for various orientations of the pump and probe polarization vectors with respect to one another and to particular crystallographic axes.
EXPERIMENTAL
The NdBa 2 Cu 3 O 7 -x single crystals under study were parallelepipeds whose faces lay in the crystallographic planes to within 3 ° . The crystals were oriented by x-ray diffraction. The critical temperature T c was 95 K, indicating a doping level close to that of the YBa 2 Cu 3 O 7 -x films examined in [7, 8] . The crystals were placed in an optical helium cryostat, which made it possible to vary the temperature from 10 to 300 K.
The optical response was examined in the time and frequency domains. The time-domain measurements employed a 780-nm Ti:sapphire laser with a pulse width less than 50 fs and a repetition rate of 78 MHz. The response was detected with a fast scanning system [8, 13] . We measured ∆ R ( τ ) = R ( τ ) -R 0 , where R is the reflectivity in the excited state, τ is the probe time delay, and R 0 is the reflectivity before excitation. To identify and evaluate phonon modes, the time-domain response was mapped into the frequency domain by numerical Fourier transform (FT). The response anisotropy was examined with respect to the ab and ac crystallographic planes. Two types of angular dependence were investigated. We aligned the pump vector with a crystallographic axis and varied the angle ϑ between the pump and probe polarization vectors. Alternatively, we set ϑ to 90 ° and varied the angle α between the pump polarization vector and a crystallographic axis.
We also measured spontaneous Raman scattering in the x ( zz ) x and z ( x ' x ') z configurations (prime denotes rotation through 45 ° ). The Raman spectra were obtained with a 647-nm Kr + laser and a triple spectrom- eter equipped with a multichannel detector. This part of the experiment was focused on fully symmetric phonons. A detailed description of the apparatus employed can be found in [1, 14] . Figure 1 displays typical results obtained by measuring the optical response of a NdBa 2 Cu 3 O 7 -x single crystal. Within a relaxation time of several picoseconds, the monotone decreasing nonexponential reflectivity due to electronic relaxation [8] is modulated by small-amplitude oscillations caused by coherent phonons [1, 15] (see also the inset in Fig. 1a) .
RESULTS
The coherent-phonon spectra obtained for both crystallographic planes exhibit two modes (see Fig. 1b ), which should be attributed to Ba and Cu ions by comparison with the Raman spectra shown in Fig. 2 . The Ba and Cu modes of the Raman spectra are located at ν 1 = 3.6 THz and ν 2 = 4.7 THz, respectively [16] . Note that the Ba mode in the z ( x ' x ') z spectrum is much stronger, whereas the modes have comparable magnitudes in the spectra of YBa 2 Cu 3 O 7 -x corresponding to the basis polarizations [14] and in the x ( zz)x spectrum of NdBa 2 Cu 3 O 7 -x .
Being fully symmetric, both phonon modes obey the transformation law for second-rank tensors of the form
In this paper, we analyze only the oscillatory component of the optical response as a function of ϑ , α , and temperature.
First, we consider the case when ϑ = 90 ° and both pump and probe polarization vectors are in the ab plane. The Cu mode predominates at room temperature. As T is decreased, the Ba mode grows while the Cu mode remains almost invariant. At T < T c , the Ba mode is almost as strong as the Cu one (see Fig. 3 ). The FT spectra shown Fig. 3a indicate that the oscillation magnitudes are very sensitive to variation of ϑ . Furthermore, the patterns obtained for ϑ = 0 ° and ϑ = 180 ° are dissimilar, whereas the corresponding crystallographic directions are equivalent.
However, the amplitude ratio β = A Ba / A Cu is almost invariant over the entire range of ϑ (see Fig. 3b ). This finding is consistent with the high degree of isotropy in the ab plane due to twinning and the fact that | a | ≈ | b | . Figure 3b suggests that β varies as a periodic function with period close to 90°, but the data points available are too few to provide conclusive evidence.
Let us now consider the ac-plane measurements. Figures 4-7 present FT spectra obtained at room and liquid-helium temperatures by varying α or ϑ, with α measured relative to the c axis. Figure 4 shows the results of room-temperature measurements in which α was set to 0°, 45°, or 90°w hile ϑ was held constant at 90°. (Note that the pump polarization vector is aligned with the a axis when α = 90° and makes 45° with each crystallographic axis when α = 45°.) Figure 4b shows FT spectra normalized to unity in order to visualize the behavior of β. In these measurements, the largest oscillation amplitude is observed when the pump beam is polarized along the a axis (α = 90°). According to Fig. 4 , β also varies with α. This is explained by anisotropy with respect to the ac plane, which is produced both by the lattice and by the charge carriers. Figure 5 illustrates the results obtained at 10 K for the same combinations of α and ϑ by electrooptical sampling. In this method, anisotropy is evaluated by measuring the squared difference of the matrix elements, which are uniquely determined by the corresponding angles with respect to the probe polarization vector, ±π/4. Again, both oscillation magnitude and β depend on α. Note, however, that their largest values correspond to α = 45°.
The Fourier spectra and the graph of β versus ϑ shown in Fig. 6 were obtained at 10 K for several values of ϑ. In contrast to the ab-plane case, β exhibits a strong angle dependence here. This provides additional evidence of the anisotropy of phonon response. Note also that the largest oscillation amplitude is observed when ϑ = 90°, whereas the response is much weaker when ϑ = 0°.
Figures 7a and 7b show the FT spectra obtained at 10 K by the standard method and by electrooptical sampling, respectively, for the same three values of α. Note that the largest oscillation magnitude measured by electrooptical sampling corresponds to α = 45°, as in the room-temperature measurements.
The results presented above (particularly in Figs. 4 and 7) suggest that the amplitude ratio β depends not only on the geometry of measurement, but also on temperature. Figure 8 shows the results of a more detailed study of this dependence in which the amplitude ratio was measured by varying temperature from about 250 to 10 K and back. Here, β(T) exhibits hysteretic behavior at T > T c analogous to that observed for YBa 2 Cu 3 O 7 -x films [7, 8] . These results mean that the pseudogap phase affects the lattice polarizability perpendicular to the ac plane, i.e., point to a three-dimensional nature of the pseudogap. They can be used to assess the accuracy of theoretical models describing the pseudogap state.
We evaluated the initial coherent-phonon phases for the ac plane at room temperature. The zero time point was found by measuring the autocorrelation function of the laser pulse with the use of a nonlinear crystal. The oscillatory component of the response was approximated by the function
The initial values of the amplitudes, frequencies, and time constants were derived from FT spectra. The results shown in Fig. 9 imply that the initial phases are 0 and π/2 for the Cu and Ba modes, respectively. The phase shift was confirmed by analyzing the FT phases.
DISCUSSION
We start by comparing the pump-probe reflection measurements with the Raman spectra. As with YBa 2 Cu 3 O 7 -x , the oscillatory component of reflectivity mapped into the frequency domain differs from the Raman spectrum. The difference in phonon line shape is predictable because the methods measure distinct states of the phonon system. In pump-probe measurements, the phase is well defined since phonons are brought into a coherent state by the pump, and the spectral range of frequency-domain response characterizes the rate of phase memory loss. In spontaneous Raman spectroscopy, the linewidth characterizes the phonon energy dissipation [1] via interaction with other phonon modes (acting as a thermal reservoir), and the attenuation of an optical phonon is mainly due to its anharmonic decay into two acoustic modes.
At room temperature, β < 1 and β ≥ 1, respectively, in the time response and Raman spectrum of YBa 2 Cu 3 O 7 -x measured for a crystallographic plane. The same is true of NdBa 2 Cu 3 O 7 -x . Below T c , both methods yield β ≥ 1 for YBa 2 Cu 3 O 7 -x , but the β-T characteristics measured by these methods are different. For NdBa 2 Cu 3 O 7 -x in the superconducting state, β ӷ 1 in the time response at liquid-helium temperature even though A Ba grows with decreasing temperature, whereas the Raman spectrum gives β ӷ 1. Therefore, it appears unlikely that the disagreement between the time-and the frequency-domain measurements can be fully explained in terms of the absolute values of Raman tensor components. It is also difficult to understand the dissimilarity between the FTs shown in Fig. 3a for ϑ = 0° and ϑ = 180°. However, since the Raman tensor of a phonon can be expressed in terms of partial derivatives of the dielectric tensor with respect to the phonon normal coordinates, the Raman tensor components are, in general, complex numbers [14, 17] . Whereas standard Raman-spectroscopy measurements are insensitive to the phase factors of the tensor components, this is not the case when the incident and scattered polarization vectors are not parallel to the principal axes of the Raman tensor [17] . In such configurations, two tensor components contribute to the Raman spectrum and its intensity depends on their phases. Owing to the coherent nature of lattice response, phase factors are important for pump-probe measurements. Therefore, the discrepancy between pump-probe and Raman data must be explained in terms of the phase factors [5] . Mathematically, it is analogous to the distinction between difference of squares and square of difference.
The importance of the phase factors is illustrated by Fig. 3a . The dissimilarity between the curves obtained MISOCHKO et al.
for ϑ = 0° and ϑ = 180° ( and [100] directions) can be understood by noting that since the interference term, ∝cos(ϕ b + ϕ a ), has different values at ϕ a = 0 and ϕ a = π. This line of reasoning can also explain different types of angular dependence obtained for the ac plane, such as the discrepancy between the FT spectra measured by the standard method of detection and by electrooptical sampling for each α (Fig. 7) .
The first observations of hysteretic behavior in the ReBa 2 Cu 3 O 7 -x system, where Re represents a rareearth ion, were reported shortly after the discovery of high-temperature superconductivity [12, [18] [19] [20] [21] [22] . In most cases, the phenomenon was revealed by ultrasonic measurement of certain elastic constants. For optical modes, hysteresis was originally detected in YBa 2 Cu 3 O 7 -x in pump-probe laser measurements [7, 8] . Analogous hysteretic curves were obtained for NdBa 2 Cu 3 O 7 -x in the present experiment. Since a comparison of β obtained for T > T c and T < T c suggests that the corresponding coherent-phonon spectra are alike, the lattice in the normal state must have some properties of the superconducting state.
Hysteresis in NdBa 2 Cu 3 O 7 -x differs from that in YBa 2 Cu 3 O 7 -x by a wider range of β and a slight distinction between crossover points. In particular, the transition from the pseudogap state to the normal state with increasing temperature occurs at a lower temperature. However, detailed comparison is hindered by the wide difference in temperature resolution between this experiment and previous ones [7, 8] .
The existence of crossovers in the normal state was interpreted as due to the aforementioned inhomogeneity of the pseudogap state [7, 8] . This phenomenon was attributed to local pairing and electron-pair delocalization [9] , treated in terms of weak and strong pseudogap regimes of nearly antiferromagnetic Fermi liquid (NAFL) [10] , and explained by the formation of stripes [11] . However, it was noted that none of these models predicted the hysteresis. Moreover, the three-dimensional nature of pseudogap established in the present experiment implies that essentially two-dimensional models of the pseudogap state (such as NAFL theory) are poorly suited to the study of hysteresis. However, the possibility that the hysteresis is caused by charge ordering was indicated in [23] , where the hysteresis was attributed to the lattice anharmonicity associated with the double-well potential generated by the oxygen bridge.
Finally, some comments are in order concerning the initial phase of coherent phonons. In femtosecond pump-probe experiments, the phase can be stabilized by reducing the pump pulse width to below the inverse of the phonon mode frequency. Phase measurements are frequently used to single out a mechanism responsible for generation of coherent phonons, because the two competing phenomenological models proposed to describe coherent lattice dynamics tend to predict different values of the phase. In particular, the initial phase is ±π/2 (the phonon mode behaves as a cosine) in the mechanism known as displacive excitation of coherent phonons (DECP), whereas the model of transient stimulated Raman scattering predicts zero phase (sinusoidal pattern) [1] . We note here that this distinction oversimplifies the relation between the phonon phase and the mechanism of phonon generation. In their pioneering work, Kütt et al. [3] successfully used calculations based on the DECP model to explain certain properties of coherent phonons in YBa 2 Cu 3 O 7 -x , including temperature dependence, even though the phase was found to be zero. However, neither initial phase value nor detection of off-diagonal Raman-active phonons can be explained by DECP calculations [3] .
The phase shift of π/2 between the Cu and Ba phonon modes measured in this study should not be taken to imply that these modes are generated by essentially different mechanisms, because the modes have a variety of common features. In fact, the properties of coherent phonon as a quantum entity are largely determined by the measurement method [1, 25] . Also note that absolute phase has no physical meaning because the quantity measured in any experiment in a phase difference. We plan to conduct an experimental comparison of coherent-phonon phases measured by the standard method of detection and by electrooptical sampling in the same configuration. 5. CONCLUSIONS For a bulk NdBa 2 Cu 3 O 7 -x single crystal, the anisotropy of the coherent-phonon component of optical response was examined by femtosecond pump-probe measurements of reflection from crystallographic planes. The time-domain data were mapped into the frequency domain by numerical Fourier transform. The dependence of the amplitude ratio of the Ba and Cu modes on the angle between the pump and probe polarization vectors was found to be weak for the ab plane and strong for the ac plane. The anisotropy is explained by difference between the absolute values of Raman tensor components and influence of their phase factors. Hysteretic behavior of the optical response is revealed in a temperature range above T c . For the same plane, it is shown that the initial phases of the fully symmetric Cu and Ba phonon modes are shifted by π/2 at room temperature.
